INTRODUCTION

Stable isotope ratios have been used in ecosystems research since the early 1970s (Peterson and Fry 1987).
Pioneering studies used information provided by stable isotope ratios of bulk samples to identify sources contributing to mixtures of particulate organic matter (Haines 1977) and to examine food web relationships (Peterson et al. 1985 ). An abundance of recent publications makes it clear that these applications of stable isotopes are now a routine component of ecosystems research.
Use of bulk stable isotope ratios to link consumers to food sources relies on the assumption that the isotopic composition of a consumer reflects the weighted mean of the isotopic composition of its food sources (Gannes et al. 1997 ). This assumption is generally accurate for stable isotope ratios of carbon Fry 1987, Lajtha and Michener 1994) . Stable isotope ratios of nitrogen, on the other hand, tend to increase from food source to consumer (Minagawa and Wada 1984) . Hence, stable N isotope ratios are most frequently used as trophic position indicators Fry 1987, Lajtha and Michener 1994) .
Although there is no doubt that our understanding of food web relationships has been greatly advanced by the use of stable isotope measurements, confounding factors often make data interpretation more ambiguous than we would like. One major problem is that the number of different food sources that can be discerned Such observations have prompted a general call for studies that examine the biochemical and physiological underpinnings for stable isotope ratios of whole organisms and specific tissues (Gannes et al. 1997 , Gannes et al. 1998 . By elucidating these underpinnings we can more accurately interpret stable isotope data in food web studies. Furthermore, stable isotope analysis of specific compounds may allow differentiation of a greater number of food sources to consumers and provide more detailed trophic level information.
The stable isotope ratios of individual compounds can provide very specific information about the diet and physiology of organisms (Hare et al. 1991 , Fogel et al. 1997 , and about the origins of complex mixtures of organic matter (Rieley 1991) . The large sample size needed for bulk biochemical separations and isotopic analysis initially constrained the range of compounds that could be examined. This was particularly true for N, which is less abundant than C in organic matter. With the development of gas chromatography/combustion/isotope ratio mass spectrometry (GC/C/IRMS) techniques, however, it is now pos- In this paper, we examine the stable N isotope ratios of amino acids in planktonic consumers and their food sources. Our primary research objective was to elucidate changes in N-isotope ratios of individual amino acids responsible for increases in bulk N-isotope ratios across trophic levels. Lab comparisons explicitly focused on the trophic relationship between the marine rotifer Brachionus plicatilis and the alga Tetraselmis suecica. Comparisons among different size fractions of zooplankton from the tropical Atlantic ocean provided a more general example of trophic interactions in a natural environment.
METHODS
Lab cultures
Samples of B. plicatilis grown on a diet of T. suecica were collected opportunistically from large volume cultures maintained by Terry Snell's research group at the Georgia Institute of Technology. In these cultures, an inoculum of T. suecica is added to 240 L of 15 PSU artificial seawater (Instant Ocean; Aquarium Systems, Mentor, Ohio, USA) containing standard f/2 nutrients (Guillard 1975) at an initial density of 1 X 104 cells/ mL and allowed to grow for -7 d at 250C under constant fluorescent illumination of -2000 lux. When algal density reaches 1 X 106 cells/mL, 140 L of culture are transferred to a new tank and inoculated with the rotifer Brachionus plicatilis at an initial density of 0.1 individuals/mL. B. plicatilis is then grown up and harvested as a food source for other organisms.
For our study, rotifer density and 815N of bulk algae were measured daily. The 815N values of bulk rotifers were measured on days five through seven after inoculation. Samples of algae and rotifers were collected for analysis of amino acid 815N on days six and seven. On all dates, rotifers were separated from algae by gentle sieving through a 53-pLm nylon mesh. Sufficient rotifer biomass for amino acid analysis was provided by 5 L of culture. Rotifers were kept in fresh medium for 1 h to allow gut contents to clear. Samples were then collected on precombusted Whatman GF/F filters (Whatman, Clifton, New Jersey, USA) by gentle vacuum filtration. The large culture volumes allowed us to sample rotifers grown at relatively low densities (2 and 7 individuals/mL on days six and seven respec- 
Sample preparation
Samples were prepared for GC/C/IRMS analysis of amino acids by acid hydrolysis followed by derivatization to produce N-pivaloyl-i-propyl (NPP)-amino acid esters (Metges et al. 1996) . In brief, 5 mg of dried sample was placed in a 16 X 100 mm glass tube with a PTFE (polytetrafluoroethylene)-lined cap and hydrolyzed with ultra pure 6-mol/L hydrochloric acid for 24 h at 1 10'C. The hydrolysate was evaporated to dryness at 550C under a stream of N2 and the residue was redissolved in 0.01-mol/L HCl. This solution was then purified by filtration (0.65-[Lm Durapore filter; Millipore, Bedford, Massachusetts, USA) followed by cation exchange chromatography (Dowex 50WX8-400 ion exchange resin; Sigma-Aldrich, St. Louis, Missouri, USA) in a 5-cm column prepared in a pasteur pipette. Amino acids were eluted with 4 mL of 2-mol/L ammonium hydroxide. The eluate was evaporated to dryness under a stream of N2 at 80'C. Finally, the purified amino acids were derivatized to NPP-amino acid esters (Metges et al. 1996) .
This preparation scheme allows analysis of 18 common amino acids plus ox-aminoadipic acid (internal standard) and has the advantage that the derivatization introduces no exogenous nitrogen to the analytes. Glutamine and glutamic acid are analyzed as a single combined peak, as is the case for asparagine and aspartic acid. Tryptophan, cystine/cysteine, and arginine are not compatible with the method. Final preparations were dissolved in ethyl acetate, and contained 1-2 nmol of each amino acid derivative per 0.5 L1 of solution (target injection volume). Standard mixtures of amino acids were run through the entire analytical procedure to confirm the reproducibility of isotope measurements.
Isotope analysis
The stable isotopic composition of nitrogen in NPP derivatives of amino acids were analyzed by GC/C/ IRMS using a Micromass Isoprime mass spectrometer , combusted, reduced, and finally passed through the cold trap to remove water and CO2 before introduction to the mass spectrometer. Nitrogen isotope ratios for each amino acid in a mix were measured sequentially. Gas chromatograph conditions were set to optimize peak separation and shape. Injections were done splitless at 280'C, and contained 0.3-0.6 FL of sample. The GC temperature program for each run was as follows: initial temperature 120'C for 10 min; ramp up at 30C/ min to 200'C, dwell for 5 min; ramp up at 1VC/min to 215'C, dwell for 1 min; ramp up at 70C/min to 300'C, dwell for 8 min. Carrier gas (helium) flow through the GC column was 1 mL/min for the first 38.3 min of each run, then increased to 1.3 mL/min for the remainder. The flame ionization detector was held at 300'C.
The stable isotopic composition of N in bulk sample preparations was analyzed by continuous flow isotope ratio mass spectrometry (CFIRMS) using a Micromass Optima mass spectrometer (Micromass, Manchester, UK) coupled to a Carlo Erba NA 2100 elemental analyzer (CE Instruments, Milan, Italy).
All isotope abundances are expressed as 815N values relative to atmospheric N2: 815N = ([Rsample/Rstandardl -1) X 103, where R is the isotope ratio 15N:'4N. Analytical error associated with isotope measurements of bulk material was typically +0.2%o (1 SD). Analytical error associated with isotope measurements of mixtures of purified amino acids run through our derivatization and analytical protocols ranged from +0.2%o to ?+1 .4%o (1 SD). As a check on our sample processing, we added an internal standard (ox-aminoadipic acid) to each sample immediately after the hydrolysis step. All samples and standard mixtures for amino acid analysis were injected and analyzed three times. We report means and standard errors of these replicate analyses.
RESULTS
Lab comparisons
The stock culture of T. suecica had an initial bulk W15N value of -0.8%o, which gradually decreased to a minimum of -1.9%o 6 d after the introduction of B. plicatilis. On the two successive days when samples were collected for amino acid analyses, T. suecica had bulk W15N values averaging -1.8%o and amino acid W15N values ranging from -7.8%o to +1.8%o (Table 1) . On the same dates, B. plicatilis had bulk W'5N values averaging -0.1%o and amino acid W15N values ranging from -7.1%o to +6.5%o (Table 1) . For both T. suecica and B. plicatilis, differences in amino acid 815N values between sampling dates were generally <1%o. Exceptions were alanine in T. suecica and aspartic acid in B. plicatilis, which showed differences nearer to 2%o between sampling dates. Quantities of methionine in samples from the lab cultures were too small for reliable measurement of isotope ratios.
Bulk 815N values increased by -1.7%o from food source (T. suecica) to consumer (B. plicatilis), while changes in amino acid 815N values varied widely (Fig.  1). Isoleucine, leucine, valine, alanine, aspartic acid glutamic acid, and proline all showed larger changes in W'5N between food and consumer than did the bulk material, while lysine, phenylalanine, threonine, glycine, serine, and tyrosine all changed less than did the bulk material (Fig. 1) . Glutamic acid showed the largest increase (-7%o), while phenylalanine remained unchanged from food source to consumer. Glycine, serine, and tyrosine all differed by < 1%o from food source to consumer.
Field comparisons
The W'5N values of bulk zooplankton at station 21 ranged from 2.3%o to 3.4%o, and W'5N values for amino acids ranged from -8.6%o to + 12.3%o (Table 2) (Fig. 2,  bottom panel) .
The 815N values of bulk zooplankton at station 30 ranged from 0.3%o to 2.2%o, and 8'5N values for amino acids ranged from-11.0%o to + 12.4%o (Table 2) . Bulk 8'5N values increased by -%o between increasing size fractions, while amino acid 8'5N values (with the exception of threonine) either increased or remained the same (Fig. 2, top panel) . The 8'5N of threonine decreased between increasing size fractions.
At both stations 21 and 30, the group of amino acids showing the least change among the different size fractions (Fig. 2) was the same as that identified in the trophic comparison between B. plicatilis and T. suecica (Fig. 1) . Similarly, the group of amino acids showing larger changes between size fractions (Fig. 2) was the same as that identified in the lab comparison (Fig. 1) (Fig. 2) . Methionine, phenylalanine, serine, and tyrosine showed little or no change at both stations (Fig. 2) .
The isotope values of bulk material and individual amino acids at station 30 were generally lower than their counterparts at station 21 (Table 2 ). This difference between stations was greatest for the 250-500 im size fraction and became less pronounced in the larger size fractions. Our results indicate that moderate increases in bulk 8'5N from food source to consumer are underlain by large increases in the 8'5N of some amino acids, and little or no change in others. Hence, amino acids from a single sample provide information both about trophic level and N sources at the base of the food web. Two lines of evidence suggest that this finding is generalizable. First, the -2%o shift in bulk &15N observed between T. suecica and B. plicatilis falls within the range of 1.3-5.3%o trophic enrichment reported by Minagawa and Wada (1984) for a variety of different consumerfood source combinations. Second, patterns of change in amino acid 8'5N from food source to consumer in the lab (Fig. 1) were very similar to the patterns observed between mixed assemblages of zooplankton from different size fractions of field samples (Fig. 2) . In both the lab and field comparisons, alanine and glutamic acid showed the largest changes, while phenylalanine, serine, and tyrosine showed almost no change. The larger differences in amino acid 8'5N among size fractions at station 30 relative to station 21 (Fig. 2) suggest that samples from station 30 included zooplankton from a broader range of trophic levels, though the samples collected at these two stations were not obviously different in gross taxonomic composition.
Trophic-level information can be further defined by the difference in 8'5N between amino acids such as phenylalanine, which does not change from food source to consumer, and amino acids like glutamic acid, which shows a large trophic change. In addition to representing very different patterns of trophic alteration, phenylalanine, and glutamic acid are among the easiest amino acids to analyze with high precision. Our analytical conditions produce particularly well defined and isolated peaks for these amino acids. We therefore used the difference between these two amino acids Tables 1 and 2. positions between levels 1 and 2, assuming that the 7%o difference between normalized values for phytoplankton and herbivores (Fig. 3) represents a one trophic level shift.
Examples in the literature comparing amino acid 815N of consumers to food sources are scarce, making it difficult to say how broadly the patterns we observed in planktonic organisms extend to other food web relationships. Hare et al. (1991) do, however, provide at least one example comparing the 815N of amino acids isolated by column chromatography from pigs (collagen) and their food. For the eight amino acids common to our study and theirs, the results are very similar: glutamic acid showed the largest increase; alanine, aspartic acid, proline, and valine showed moderate increases; glycine increased the least; and threonine decreased between food and consumer. Serine provides the one exception, having increased substantially between food and animal tissues in the Hare et al. 1991 study, and having changed very little in our study. This may reflect general differences in metabolic pathways between terrestrial vertebrates and the various invertebrates in our samples, though it is worth noting that serine is the immediate precursor of glycine, an amino acid that is particularly abundant in collagen. The large increase in 815N of serine in pig collagen relative to pig diet may therefore reflect the extensive throughput of amino acid skeletons to collagen glycine via the serine pool.
Within the 250-500 jum size fraction, the lower 815N values of zooplankton found at station 30 as compared to station 21 (Table 2) (Table 1) can be attributed to internal processing alone: each amino acid has a unique biosynthetic pathway and set of uses. For B. plicatilis (Table 1) and zooplankton from the field (Table 2) (Lehninger 1975 ) and excretion of ammonia in crustaceans (Claybrook 1983 ), it is not sur-prising that the 8'5N of glutamic acid showed the largest increase between alga and rotifer in our feeding experiments (Fig. 1) . Less expected was the relatively small change in the 8&5N of serine between trophic levels (Fig. 1) , as it is also considered a major contributor to excretion in crustaceans (Claybrook 1983 ). Differences in 8&5N values among amino acids in humans have also been linked to their roles in bodily N cycling (Fogel et al. 1997 ). In contrast to crustaceans, fractionation during human excretion seems to be linked to losses of isotopically light nitrogen from the amide region of arginine.
Clearly, we still have much to learn about the mechanisms underlying increases in bulk 815N with increasing trophic level. There is a growing body of evidence that 8'5N can change in response to other factors such as starvation and water stress in terrestrial organisms (Gannes et al. 1997 ). These confounding factors make it difficult to use the 8'5N of bulk material as an unambiguous trophic level indicator. Stable N isotope analysis of individual amino acids may help solve this problem, particularly if the 815N values of particular amino acids are influenced by specific processes or conditions. Already it is apparent from our data that the very large increases in 8'5N values of amino acids such as glutamic acid from food source to consumer allow greater definition of trophic position than is the case when using bulk material. At the same time, amino acids such as phenylalanine that do not show changes in 8'5N across trophic levels provide information about nitrogen sources at the base of the food web. The new ability to acquire information both about trophic level and N sources at the base of the food web from single samples of consumer tissues offers a unique opportunity for understanding pathways of N transfer through food webs.
